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In recent years, the fabrication of lower-dimensional structures, so-called quantum wires ͑1D systems͒ and quantum dots ͑0D systems͒, has been actively studied for application to high performance devices, since theory predicts superior optical and electrical characteristics of lowerdimensional structures. [1] [2] [3] The coupled low-dimensional structures are more attractive candidates for the future new functional devices with both the high optical nonlinearity and the feature of electron-wave interference.
Coupled electron waveguide structures, which are weakly coupled quantum wires, were proposed 4, 5 for use in electron-wave devices, and their fabrication using the split gate method or the FIB implantation method has been reported. 6, 7 However, the confinement of the electron wave by depletion is not sufficient for application to optoelectronic devices with optical nonlinearities or intersubband transitions. Small sizes for the electron wave confinement and the strong coupling are essential in coupled low-dimensional structures.
Selective area growth on a nonplanar substrate using metalorganic chemical vapor deposition ͑MOCVD͒ is very effective for fabricating high quality very small quantum wires and quantum dots. 8, 9 Recently, one author reported the use of the modified selective area growth method on a nonplanar substrate with flow rate modulation epitaxy ͑FME͒ to obtain high quality very small quantum wires. 10 The author reported the 1D nature of the quantum wires, 11 in which the FWHM of the photoluminescence emission peaks of the quantum wires ͑1D systems͒ is narrower than that of the quantum films ͑2D systems͒.
In this letter, we fabricated very small, strongly coupling GaAs coupled quantum wires by FME growth on a V-grooved substrate and observed the clear energy splitting between the fundamental coupled state and the higher-order coupled state of the coupled quantum wires from roomtemperature photoluminescence.
In the fabrication process, V grooves are formed on a ͑100͒-oriented, semi-insulating GaAs substrate in the ͗011͘ direction by photolithography and wet chemical etching. The pitch of V grooves is 4.8 m. A 300 nm thick GaAs buffer layer and a 700 nm thick Al 0.38 Ga 0.62 As buffer layer, a GaAs quantum wire, and AlGaAs barrier layer, a GaAs quantum wire, and a 100 nm thick Al 0.38 Ga 0.62 As protection layer are then successively grown on the V-grooved GaAs substrate using the metalorganic chemical vapor deposition ͑MOCVD͒ growth method. To obtain very small, high quality quantum wires, we use the flow rate modulation epitaxy ͑FME͒ method during the growth of GaAs quantum wires. 10 The gas flow sequence and the flow rate in the FME growth were the same as those shown in Ref. 10 . After the masks are formed on the quantum wires, the ͑100͒ quantum films on the mesa top and the ͑111͒ quantum films around the mesa top are removed using wet chemical etching. The etching time is chosen to completely remove the ͑100͒ quantum film by measuring the photoluminescence from the quantum wires with different etching time. 12 Figure 1͑a͒ shows the structure of the coupled quantum wires after the etching. Only the quantum wires and a part of the ͑111͒ quantum films remains on the V grooves. The cross-sectional TEM picture of the coupled quantum wire is shown in Fig. 1͑b͒ . Very small crescent-shaped quantum wires with a central thickness of 5 nm and a lateral width of 30 nm ͑effective width of 15 nm͒ separated by a 2 nm thick AlGaAs barrier layer are clearly observed at the bottom of the V groove. Very thin ͑111͒ quantum films with a thickness of 1 nm are formed on the side walls of the V groove. The top and the bottom quantum wires have almost the same crescent shape but the top quantum wire is slightly thinner and slightly wider than the bottom quantum wire. This is due to the difference of the angle of the V-shaped AlGaAs groove below the top and the bottom quantum wires. The energy difference between the two quantum wires is small ͑5-10 meV͒ which is estimated from the PL spectrum of the multilayered quantum wire samples without coupling. Figure 2͑a͒ shows the energy levels of two isolated quantum wires with a sufficiently thick barrier. Figure 2͑b͒ shows those of coupled quantum wires separated by a barrier narrow enough that the wave function of the electron and the hole states in the conduction and valence bands in adjacent wells overlap. For simplicity, symmetric type coupled quantum wires, in which the energy levels of the two quantum wires are the same, are assumed. Also, we can estimate that a͒ Electronic mail: komori@etl.go.jp the wave functions of holes are almost the same shape as those of heavy holes ͑hh͒ and light holes ͑lh͒ of quantum film, since the cross-sectional ratio of width to thickness of the quantum wires shown in Fig. 1 is more than 3. These hh and lh levels are shown in Fig. 2͑b͒ . Four transitions, symmetric transitions E chh1 and E clh1 , and antisymmetric type transitions E chh2 and E clh2 , are allowed in the symmetry coupled quantum wires.
For the symmetric coupled quantum wires shown in Fig.  2͑b͒ , the energy level splitting occurs due to the coupling. We can call the energy difference between the two coupledstates ''splitting energy.'' For asymmetric coupled quantum wires, where the energy levels of the two quantum wires differ, the energy splitting due to coupling occurs when the energy level difference between the two quantum wires is smaller than the splitting energy. In both cases, we can call the coupled lower energy state the ''fundamental coupledstate'', and the coupled higher energy state the ''higher-order coupled state.'' We have measured photoluminescence ͑PL͒ characteristics of 5 nm thick as-grown coupled quantum wires before wet chemical etching. At low temperature ͑10 K͒, the PL peak wavelength for ͑100͒ quantum films on the mesa top appeared at 730 nm, and that for ͑111͒ quantum films on the side wall of the mesa appeared at 660-670 nm. After wet chemical etching, the PL peak of ͑100͒ quantum films disappears, and three PL peaks of ͑111͒ quantum film, vertical quantum film, 13 and quantum wires were observed. Figure 3 shows the PL characteristics of the single quantum wires and the coupled quantum wires with a GaAs quantum wire thickness of 5 nm and width of 30 nm, separated by a 3 nm AlGaAs barrier layer at various temperatures. The bottom spectrum in Fig. 3 shows the high intensity ͑Iϭ46 W/cm 2 ͒ PL characteristics of the same samples at low temperature, while other spectra show the low intensity ͑Iϭ2.6 W/cm 2 ͒ PL characteristics. At low temperature, the sharp single peak around 760 nm is the PL from the coupled quantum wires, while those around 660 and 670 nm are the PL from the vertical quantum film 13 and the ͑111͒ quantum film since the ͑111͒ quantum films are thin ͑1 nm͒. The single peak from the coupled quantum wires at low temperature is due to the transition of the fundamental coupled states. The PL peak from the coupled quantum wires exhibits a shoulder on the high energy side of the main peak as the temperature increases, and it becomes two peaks at room temperature.
For two isolated quantum wires with different energies of E1 and E2 ͑E2ϾE1͒, the PL spectra due to low level pumping at low temperatures has two peaks, E1 and E2. However, for asymmetric coupled quantum wires with different energies E1 and E2, the PL spectrum due to low level pumping at low temperature has a single peak due to the electron transition from level E2 to level E1. This has been reported for coupled quantum films.
14 Thus, in our coupled quantum wires, the PL spectrum exhibits a single peak at low temperature and two peaks at room temperature. This is evidence of the coupling between the two quantum wires. In the PL spectra of single quantum wires, a very small subpeak appeared on the shorter wavelength side of the main peak. This is higher order state transition, which is caused by the lateral effective quantum wire width of 15 nm. In the higher order states due to the lateral confinement, the barrier thickness dependence of the energy difference between the main and the subpeaks is small. In the coupled states, however, the barrier thickness dependence is large. The barrier thickness dependence of the energy level splitting is large as discussed later. Thus we can regard the subpeaks in the spectrum of the coupled quantum wires as the transition of the coupled state. Figure 4 shows the room-temperature PL characteristics of the three coupled quantum wire sample in which the barrier thickness varies from 1 to 3 nm. The PL are measured from ͗100͘ direction with the polarization parallel P ʈ to the quantum wires. The PL spectra with the polarization parallel to the quantum wires provide information on the hh transition. 2 The main peak is due to the transition of the fundamental coupled state ͑E chh1 ͒ and the subpeak to the higher-order coupled state ͑E chh2 ͒.
2 All samples show clear energy splitting between the fundamental coupled state and the higherorder coupled state. Also, the splitting energy between the main peak and the subpeak increases as the barrier thickness decreases. This is expected theoretically for the coupled quantum systems.
We have measured the splitting energy of several samples with different barrier thickness, and the splitting energy was 43-53 meV, 37-40 meV, and 18-21 meV for the sample with barrier thicknesses of 1, 2, and 3 nm, respectively. The splitting energy variations are due to the growth rate differences in the wafer. Also, there is a PL peak wavelength variation of about Ϯ5 nm due to growth rate fluctuation from sample to sample. We also measured the energy level splitting by high intensity PL measurement at low temperature ͑see the bottom of Fig. 3͒ . The splitting energy measured with high intensity excitation at low temperature is a little bit smaller than that measured with low intensity excitation at room temperature, but the difference of the splitting energy is within 5 meV and is due to the different conditions of the excitation intensity and the temperature. Further investigations are required to clarify this effect.
We have calculated the splitting energy ͑dE͒ between E chh1 and E chh2 as a function of the barrier thickness ͑b͒ by using the rectangular shape approximation of the cross section of the quantum wires with the effective thickness and the effective width. 3 The splitting energy dE for the coupled quantum wires with a thickness of 5 nm and a width of 15 nm are 55.2, 26.1, and 12.2 meV for the barrier thickness of 1, 2, and 3 nm, respectively. The experimental data agree qualitatively with the theoretical data but include an error due to the thickness variation.
It should be noted that the level splitting between the fundamental and the higher-order coupled states is observed more clearly, specifically the peak-to-valley ratio in the PL spectrum is larger in the coupled 1D systems than in the coupled 2D systems reported by other groups 14 as shown in Figs. 3 and 4 . Also, the full width half-maximum ͑FWHM͒ of the PL peak of the coupled quantum wires, which is about 19 meV for E chh1 at room temperature, is narrower than that of the quantum films fabricated by MOCVD growth 9 in which the FWHM is about 25 meV. These results demonstrate the sharp profile of the density of states in the 1D systems which will enhance optical characteristics in coupled 1D systems over those in coupled 2D systems. 2, 3 In summary, we have fabricated very small coupled quantum wires with strong coupling using flow rate modulation epitaxy ͑FME͒ on a grooved substrate. At room temperature, energy splitting between the fundamental coupled state and higher-order coupled state is clearly observed. Also, the splitting energy increases as the barrier thickness decreases from 3 to 1 nm, which is expected theoretically for coupled quantum systems.
